Abstract Imaging mass spectrometry (IMS) is twodimensional mass spectrometry to visualize the spatial distribution of biomolecules, which does not need either separation or purification of target molecules, and enables us to monitor not only the identification of unknown molecules but also the localization of numerous molecules simultaneously. Among the ionization techniques, matrix assisted laser desorption/ionization (MALDI) is one of the most generally used for IMS, which allows the analysis of numerous biomolecules ranging over wide molecular weights. Proper selection and preparation of matrix is essential for successful imaging using IMS. Tandem mass spectrometry, which is referred to MS n , enables the structural analysis of a molecule detected by the first step of IMS. Applications of IMS were initially developed for studying proteins or peptides. At present, however, targets of IMS research have expanded to the imaging of small endogenous metabolites such as lipids, exogenous drug pharmacokinetics, exploring new disease markers, and other new scientific fields. We hope that this new technology will open a new era for biophysics.
Introduction
Since the invention of the microscope, scientists have improved the microscope itself and its diverse peripheral technologies, including laser technology and imaging technology, to enhance the contrast and resolution in viewing samples. Morphological abnormalities in tissue samples observed by traditional microscopes do not provide us with any biochemical information. On the other hand, conventional biochemical techniques generally lose the positional information of the tissues. If these two aspects of information can be combined, we can determine the nature of the aberrant structures, thereby elucidating the pathogenesis or identifying the therapeutic targets. Imaging mass spectrometry (IMS) can successfully combine the two characteristics-detecting mass to visualize objects and enabling the determination of both biochemical and positional information of unknown molecules simultaneously. In this review, we briefly present the principle of conventional mass spectrometry (MS) and IMS. In addition, we also mention the recent applications of IMS.
Principle of MS
Mass spectrometry (MS) is an analytical technique that separates ionized particles such as atoms, molecules, and clusters by using differences in the ratios of their charges to their respective masses (mass/charge; m/z), and can be used to determine the molecular weight of the particles. MS instruments consist of the following modules: an ion source, which splits the sample molecules into ions; a mass analyzer, which sorts the ions according to their masses by applying electromagnetic fields; a detector, which measures the value of an indicator quantity and thus provides data for calculating the abundances of each ion present; and a computer, which regulates the mass analyzer and manages the data derived from the detector. In these modules, the prevailing techniques for the ion source and mass analyzer have several variations, and selecting their appropriate combination is particularly important for IMS. Therefore, we discuss here the recommended techniques for these two modules in the following paragraphs.
Among the several ionization methods, MALDI is one of the most generally used techniques for IMS. The basis of MALDI was developed by Koichi Tanaka (Nobel laureate in chemistry in 2002), and sophisticated by Franz Hillenkamp and Michael Karas (Karas and Hillenkamp 1988) , allowing the analysis of large numbers of biomolecules ranging from small metabolite molecules (m/z<1000) (Garrett et al. 2006; Khatib-Shahidi et al. 2006) to much larger proteins with molecular weights of 10 5 (Chaurand et al. 2006; Stoeckli et al. 2002) , by covering them with a matrix and ionizing them using a pulse laser beam. High-molecular weight materials, such as proteins and DNA, are fragile and tend to be fragmented when ionized by conventional ionization methods. A matrix, which consists of crystallized molecules, such as 2,5-dihydroxybenzoic acid (DHB) and sinapinic acid (SA), are used to protect the biomolecules from being destroyed by the direct laser beam and to facilitate vaporization and ionization. An appropriate choice of the matrix is also critical for obtaining good mass spectra.
The most general analyzer for IMS is the time-of-flight (TOF) analyzer. The pulsatile ions generated in the ion source are separated in the vacuum analyzer according to the time of flight, and lighter ions reach the detectors faster than do the heavier ones; therefore, the machine can determine each ion's atomic or molecular weight. Since extra gas molecules could scatter the sample ions during the flight, the interior of a mass analyzer is generally kept in a high-vacuum state by a turbomolecular pump and a diffusion pump. Tandem mass spectrometry, which are referred to MS n , enables the structural analysis of a molecule. In MS/MS, for example, isolated ionized molecules generated by MS 1 are degraded and fragmented by collision with a noble gas or by other methods; the fragments are then analyzed by MS 2 . Molecular identification of a compound is achieved by comparison of the molecular weights of the compound and the fragmented ions obtained by MS n with those in a preexisting database. A large molecule such as a protein can be analyzed as a composition of the digested fragments, i.e., peptides.
Principle of IMS
IMS is a technique that visualizes the spatial distribution of molecules and structures by their molecular masses. Tissue samples are sliced into thin sections and sprayed with the MALDI matrix, which forms uniform microcrystals, and are ionized by precise beam exposure to the regions of interest. Two-dimensional laser scanning generates images of numerous signals on the sample surface. In the 1990s, since the primitive IMS techniques had a resolution of only 0.1-1 mm, they were not known as real "microscopes." In this century, however, IMS microscopes exceeded naked eye resolution, meaning that true IMS was successfully established. At present, our β prototype of the atmospheric pressure IMS (Fig. 1) provides an accuracy of stage movement of less than 1 μm and a spot diameter of 5 μm by independent regulation of the observation optic axis and the laser optic axis (Setou et al. 2008a) . Conventional MS requires the separation and purification of the target molecules, resulting in the loss the important positional information, i.e., the distribution and localization of the target molecules. Meanwhile, IMS visualizes the distribution of the target molecule in the tissue section by extracting the mass spectra of the target from thousands of mass spectra obtained from MS analysis. Since the number of mass spectra with positional information is over 10,000 per each sample, it is essential to develop software to analyze the enormous spectra rapidly and efficiently.
For accurately determining the distribution of molecules, it is also important to develop more sensitive instruments and appropriate sample preparation and treatment methods for efficient ionization because the amount of a specific molecule in each cell is extremely small. Ionization efficiency is partly dependent on the thickness of tissue sections. Less than 10-μm-thick sections are ideal for highmolecular weight proteins to be ionized efficiently and can be detected with low noise (Sugiura et al. 2006a) .
Thin sections are usually prepared on a disposable plastic sheet or glass slide coated with a series of conductive materials. In particular, a plastic sheet with an indium-tin-oxide (ITO) film-a 75-to 125-μm-thick transparent and electric conductive PET basis sheet with vapor deposition on 5-15 nm of ITO (Chaurand et al. 2004; Shimma et al. 2008 )-is useful because it has superior optical transparency sufficient for microscopic observation. In addition, an ITO sheet or glass slide provides mass spectra with high quality.
An appropriate sample processing method is necessary to maintain the positional information of biomolecules. For example, proteins have to be denatured and digested on a tissue section to prevent their diffusion. This method is called the on-tissue digestion method ). After proteins have been denatured by detergent and heat, small amounts of trypsin solution are spotted by a chemical inkjet printer (Shimadzu Corporation), digesting the proteins into smaller peptides that are detectable by IMS (Setou et al. 2008b) . To prepare a sample suitable to this method, a new sample preparation method was devised to transfer tissue sections onto the polyvinylidene difluoride (PVDF) membrane. A PVDF membrane is useful for denaturing and reducing proteins to facilitate trypsin digestion ) as well as for removing salt from a tissue ).
Matrix preparation is also essential for obtaining a good result from IMS. The spray-droplet method, which optimizes the recrystallization of the matrix, is recommended when especially high sensitivity is required (Sugiura et al. 2006b ). Since the size of the matrix crystal and the migration of analytes can decrease the resolution in MALDI, a nanoparticle-assisted laser desorption/ionization (nano-PALDI)-based IMS was developed, which visualizes lipids and peptides at a resolution of 15µm in mammalian tissues (Taira et al. 2008) .
Applications
Applications of IMS were initially for studying proteins or peptides (Caprioli et al. 1997; Chaurand et al. 1999; Stoeckli et al. 2001 ). However, recently, research directed toward the detection and imaging of small organic molecules has been expanding. In the following sections, we introduce IMS applications for studying various metabolites in histological researches from recent studies.
IMS of metabolites
Since phospholipids, glycolipids, and cholesterol are abundant in living organisms and are easily ionized, there are many reports of IMS for these molecules as endogenous metabolites (Garrett et al. 2006; Jackson et al. 2005 Jackson et al. , 2007 Puolitaival et al. 2008) .
Phospholipids are major components of cell membrane structures and are involved in various biological processes such as cell proliferation, differentiation, cell-cell recognition, and signaling (Hannun and Bell 1989) . To understand the distribution and functions of phospholipids is important because many diseases have been shown to be related to phospholipids. Phosphatidylcholines (PCs) are one of the major phospholipids species in the cell membrane and have two fatty acids, whose combination decides their biological activities. The distribution pattern of PCs has been revealed by IMS analysis in mouse brain (Sugiura et al. 2009 ) and retina , which has nine layers of distinct membrane structures with a total width of 150 μm. Numerous signals were obtained from a retinal tissue section by laser scanning with a measurement pitch of 50 μm. MS/MS analyses have identified some signals as PCs. We found that each layer has different kinds of fatty acids bound to PCs and succeeded in roughly categorizing them into three groups of layer segments according to their composition of fatty acids, i.e., segment A: the pigment Fig. 1 The β prototype of the atmospheric pressure imaging mass spectrometry (IMS). a Overview of the β prototype. b Schematic diagram of the atmospheric pressure IMS epithelium and outer segment; segment B: the inner segment and outer nuclear layer; and segment C: the outer plexiform layer and inner nuclear layer (Fig. 2) . Docosahexaenoate (DHA), dominantly localized in segments A and B, is a major target of lipid peroxidation, which contributes to several diseases (Ford et al. 2008; Pan et al. 2008; Suzuki et al. 2007 ). In addition, we first reported the colocalization of DHA-PC and rhodopsin in vivo, which has an important role in phototransduction in the retina; their in vitro association has been discussed before (Aveldano 1988 ). This is a fascinating result that importantly represents the effectiveness of IMS .
Ganglioside, a glycosphingolipid consisting of sialyated oligosaccharide and ceramide, is difficult to visualize in its entirety by a traditional light microscope, which is able to distinguish the different species of certain oligosaccharides by using antibodies; however, immunological methods cannot detect the differences in the ceramide structure. IMS, however, identifies both the oligosaccharide and ceramide moieties at the same time. IMS observation has revealed that there are two kinds of gangliosides with different fatty acid lengths in the ceramide moiety in the mouse brain. These two molecules show different distributions in the hippocampal formation and in the entorhinal cortex ; moreover, a ganglioside with a longer fatty acid chain showed aging-related accumulation in the mouse hippocampal formation (Fig. 3) .
Although IMS for tissue sections is suitable for the analysis of principal components, it is difficult to detect minor constituents or non-easily ionizable molecules because numerous molecules exist in the crude mixture of tissue samples. We succeeded in highly sensitive detection and detailed structural analysis of glycosphingolipids by using thin-layer chromatography (TLC) followed by IMS (TLC-IMS) . This technique has achieved a 10-times higher sensitivity than the conventional primuline staining technique, and characterized the differences in ceramide structures. We have shown that a combination of IMS and a conventional analytical technology would be a powerful tool for the sensitive identification of the structures of minor molecules.
Principal component analysis (PCA)
PCA is a mathematical procedure that reduces a large set of variables to a small set of variables called principal factors, Fig. 3 Development and age-related accumulation of di-sialylated ganglioside with C20-sphingosine (C20-GD1) in mouse hippocampal formation. We visualized the ion corresponding to GD1 (m/z 1874 and 1902) in the mouse hippocampus at the indicated time points (P0, P3, P14, 1 month, and 33 months). In the P14 mouse hippocampus, C20-GD1 was concentrated in the narrow area of the dentate gyrus-stratum lacunosum moleculare (DG-SLM) and began to spread over the medial edge of the region (arrow heads). In contrast, the concentration of the C-18 species decreased in the molecular layer (ML)/SLM with aging (arrows). Reprinted from Sugiura et al. (2008) pons/medullar pons/medullary PCA provides information regarding which molecules are altered in tissue microdomains and is very helpful in analyzing large datasets of imaging MS (Altelaar et al. 2007; Denkert et al. 2006; Lapolla et al. 2007; McCombie et al. 2005; Zaima et al. 2009b) .
We have reported that a novel E3 ligase, Scrapper (SCR), regulates synaptic activity through protein degradation ; further, based on the PCA of mass spectra from some brain regions of interest, we analyzed Scrapper-knockout mouse brains by IMS. We were able to find various alterations in the knockout mouse brain and obtain information on where the alterations occurred (Yao et al. 2008) (Fig. 4) .
Our group recently reported another example of PCA using IMS, which was applied to the analysis of metabolites in starvation-induced fatty liver sections-a model of fatty liver caused by non-alcoholic steatohepatitis (NASH) (Zaima et al. 2009a ). This approach is very convenient and can be applied to the analysis of human biopsy samples because it does not require complex pretreatments.
Exploration for biomedical markers
Analyzing molecular changes related to disease progression has been one of the primary purposes of IMS Schwartz et al. 2005; Skold et al. 2006; Stoeckli et al. 2006) . By analyzing pathological tissues, we can explore principal markers that importantly influence pathological conditions. For example, biomarkers specific for various tumor tissues or neurological disorders could be made available along with their distribution patterns. We have reported the limited localization of sphingomyelin in the tumor area of colon cancer liver metastasis . In contrast, Hem B, constituting hemoglobin, has showed low ion intensity in a cancerous region, consistent with more abundant blood supply in the normal liver .
Future perspective
We plan to visualize the subcellular distribution of proteins with post-translational modifications. IMS is the only technique that can analyze the status of post-translational modifications of proteins, such as ubiquitination (Hatanaka et al. 2006; Yao et al. 2007 ), polyglutamylation (Ikegami et al. 2007 ), polyglycylation (Ikegami et al. 2008; Ikegami and Setou 2009) , tyrosination , and acetylation (Kahyo et al. 2008) , because by using conventional MS, the positional information is lost. Moreover, we also plan to identify the constituents of inclusion bodies observed in neurodegenerative diseases such as Parkinson's disease and Alzheimer's disease.
IMS can be applied in small experimental animals such as the medaka (Oryzias latipes) (Zaima et al. 2009a) , indicating that this powerful tool has already been connected to model organisms such as the fruit fly and nematode, allowing us to analyze every life process genetically in a rapid manner.
Since IMS can monitor both quantitative and positional information of numerous unidentified molecules simultaneously, pharmaceutical companies have already begun to use this technique for determining pharmacokinetics and pharmacological actions in drug development. In fact, some advanced researches of pharmacokinetics have already been reported (Atkinson et al. 2007; Stoeckli et al. 2006) . Furthermore, since IMS provides us with various quantitative information as well as positional information, it will be applied not only to the biomedical field but also to the biophysical field in the future.
Conclusion
We have developed IMS and reported several applications for the same. IMS is an extremely powerful technique that allows us to directly detect morphological information of unidentified molecules without losing positional information or biochemical information. We hope that IMS will be widely applied in a variety of areas and will help in resolving numerous outstanding problems in the biological field.
